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By MarcusF. HeidmannandJackC. Humphrey

SUMMARY

The sprayresultingfromthetipingeme”ntof two Jetsof waterwas
investigatedto determinethecharacteristicsof the instabilityasso-
ciatedwiththismethodof sprayformatiori.It-wasfoundthatupon
impingementof.twojetsa.ruffledsheetof Iiqtidwss formedPerpen-
dicularto theplaneof.thetwo jets. Theliquidsheetdisintegrated
inte?mdttent~,formingg&oupsof drops,whichappearedas waves”
Propagatingfromthepointof impingement.iThe intermittentdisinte-
grationof theliquidsheetoccurredwithirregularspacingbetween
wavesandwithvsriablewaveintensity;however,thefrequencyof
wavefo’kmationwas a constantovera finitetimeintervalundercon-
stantoperatingconditions.Therewas an abundanceof smallwaves,
withthentier of wavesof a givenintensitydecreasingas the
waveintensityincreased..Fromthephotographicandfr%uencY.*ta
obtained,therufflingof the.liquidsheetappearsto be causedby both
irregularitiesin the jetsand interactionwiththeair. Theruffling
of theliquidsheetpersiststo thepointof disintegrationof the sheet
and establishesthefrequencyof thewave.formation.

Fcequencymeasurementsobtainedby a photoelectrictechnique
showedthatwavefrequencyvariedbetween1000and4000cyclesper
secondfortestconditionsof jetvelocitiesfrom20 to 80 feetper
second,impingementanglesu??to loo”jmd W d-~et=s of 0.025J
0.040,and0.057inch. Frequencywasfoundto increasewithjet
velocitywithapproxtitedirectproportionality.An increasein
impingementangleresultedinoa“decreaseinwavefrequencyfor
impingementanglesof from50 to lQOOwith,thedecreasebeing
approximatedby thedecreasein thecosineof one-halftheimpingement
angle. Boththe CLMmeterof the jetsandthelengthof th~ jets
beforetipingementhadnegligibleeffect-sonwavefrequencycam=ed
to theeffectof jetvelocityandimpingementsngle.
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INTRODUCTION

.

.

Thecombustionprocessinrocketengtneshas,underoertain
oyeratingconditions,e~ibitedconditionsof Instability.Thie
instabilityis characterizedby sustainedoscillationsin combustion-
chamberpressureat frequenciesthatvaryfromapproximately20 up to
severalthousandcyclespersecond.An explanationof suchoscil-
lationat lowfrequenciesmaybe resonancein a circuitwherethe
propeUantfeedsystemand therocketchauiberaredynamicallycou~led.
The instabilityat-higherfrequencies,however,is notreadilyexplained
on thesamebasis. Combusticminstabilityof thisrapidlyreoccurring
t~ appearsto orighmtein theindectionandmixingprocess.Iilview
of thisrelationCXPtheinjectionprooessto instability,theflow
characteristicsandthepatteznsof spraysformedby theimpingementof
twoliquidjets,a typioalmethodof injection,havebeeninvestigated
at theNACALewislaboratorywiththeintentthatsuchan evaluation
maybe usefulinthe studyof combustioninstability.

Previouslyreportedcharacteristicson the$o~a$ionof spraysdo
notdescribe–theprocessin sufficientdetail.fortheo~jectiveof-this

..

investigation.me processof disintegrationof a liquidjetis
explainedandphotographicallyshownin references”=lto”3. i!he

—.

disintegration~rocessis describedas oneinwhichligamentsere
initiallyformedandtheligamentsdisintegrateto formdrops. The
disintegrationof a“~q~dwith theassociatedwavingor flapping

.

characteristicsis describedin reference4. These”referencesas
wellasphotographspresented.byotherfi=stigatorsshowthatthe
instantaneousflowrateof liquidafterdisintegration”ofa sheehr
jetis not continuousbutvariesconsiderablyand~atthe flowis
actus31yinterrupted.A numericalevaluationof the characteristics
of disintegrationor theeffectof.@Jec:iogPar=”*ersOn these
characteristics,however,hasnotbeenreported.‘-

In thisinvestigation,theformationof a sprayresultingfrom
the impingementof two jetsof waterwas studie~byvisual,photographic,
andphotoelectrictechniques.High-speedmotionpicturessmdmicro-
flashphotographsweretakenof thespraypattern.Frequencymeasure- :
ment~o~thedisintegration~rocesswereobta.+edby allowingthespray

.-.

to interruptthepathof lightenterhga photoele:>riccell“andanalyz-
---

ingtheresultingsignal.Theeffectsof”j+--ieiocity,impingement“- –
.

.
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angle,jetlengthbeforeimpingement,andjetdiameteron the spray
patternandfrequencycharacteristicwereevaluated.Thisinvesti-
gationwas conductedbetweenOctoberandDecember1950.

APPARATUSAND INSTRUMENTATION

Theexperimentswereperformedwithan impinging-jetappsratus
schematicallyshownin figure1. Theapparatusprovidedforcontrol
of liquidsupplypressureandallowedvariationsin impingementangle
andlengthof jetbeforeimpingement.Theliquidjetswereformed
withapproximately2-inchlengthsof precision-boreglasstubingthat
wereinterchangeable.Waterwasusedas theliquidforallthe
investigations;weightflowwas determinedfromrotsmeterreadings.
Equalwaterflowswereobtainedfromeachjet.

Photographsweretakenof the sprayformationto recordthe
phenomenaas wellas forquantitativemeasurements.High-speed
motionpicturesat approximately3000framesper secondandsingle-
exposuremicrofla+hphotographsof approximately4-microsecond
e~osureweretaken. Theexposuretimewithbothmethodsof
photographywas sufficientlyrapidto effectivelystopthe spray.
Fluctuationswithinthe sprayweredetectedtiththeuseof a photo-
electriccell,recordingoscQ1.oscope,frequencymeter,andasso-
ciatedinstrumentation.Thearrangementis alsoshownin figure1.
Withthismethodof measurement,fluctuationwithinthe sprayinter-
rupteda slitof lightenteringa photoelectriccell. Theresulting
signalwas deliveredto a frequencymeterforfrequencymeasurements.
The signslcouldalsobe observedvisually’on the screenof an
oscilloscope,or theoscilloscopetracecouldbe photographically
recorded.A slitof light1/8by 1/4inchwasusedtiththephoto-
electricce~. The lightwas orientedwiththesprayin sucha
mannerthattheresultingsignalon theoscilloscoperepresented
themaximumamplitudeof themostsymmetricalwaveforthe testcon-
ditton.Analysisof theoscilloscopetz?aceshowedthatfrequency
didnotvarywithorientation.Thevalueof frequencyobtainedfrom
thefrequencymeterdidvarytith.orientationof thelight,although
thisvariationwas smallfortheorientationsusedin the investi-
gation.

A comparisonof thefrequencyobtainedfroman analysisof the
oscilloscopetracewiththevalueobtainedfromthefrequencymeter
indicatedagreementwithin5 to 10 percent.Lowervaluesof frequency
wereobtainedwiththefrequencymeter. Thevsriationpresumably
resultedfroma combinationof theinabilityof themeterto record
signqlsbelowa givenamplitudeandto identifyindistinctpulses.
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Thereadingof thefrequencymeterwasusedas a measureof the
frequencybecauseof thetimerequiredto obtainthevaluefromthe
oscilloscopetraceandbecauserelativeratherthanabsolutevalues
weresatisfactory.Frequencyvaluesobtainedfromhigh-speedmotion
picturesconfirmedthefrequencyobtainedwiththephotoelectric-ce~
techniques.The inabilityh--distinguishreadilythefluctuationsin
thesprayandthetimeinvolvedto determinethefrequency,however,
madethisan inconvenientmethodof frequencymeasurement.

Jetvelocitiesweredeterminedfromcalculationsusingflow
measurementsandjetdismeters.The jetdismeterswereassumedto be
equalto theboregf.theglasstubingusedto formtheJets. An
attemptwasmqdetomeasurejetvelocitiesfromhigh-speedmotion
pictures.Althoughthismethodofmeasmementcorrelatedwiththe
calculatedvelocity,themethodwasundesirablebecauseof thetedious
procedureof velocityevaluationandthelimited
technique.

SINGLE-LETCHARACTERISTICS

accuracyof the

The sprayformationresultingfromthe impingementof twoequally
sizedjets0.025,0.040,and0.057inchin diameterwas investigated.
Thesejetdiametersaretheapparent.diametersas determined.fromthe
boreof theglasstubbg. Microfl.ashphotographsof the”O.025-.inch

.

diameterJetsat velocitiesof 20,40,60,and80 feetper secondare
showninfigure2. Itwillbe notedthata solidbut’ruffledsolid .
streamexistsfora distancebf from1 to 4 inchesfromthe exitof the
glasstubingafterwhichthe streamdisi@egratesor separates. .—

Thephotographsindicatethat.alongerunbrokenstreemis obt’kined
at highJetvelocitiesthanat lowvelocities.If therufflingof the”
jetwerethe result of airfrictionon the surfaceof the jet,itwould
appesrthattheoppositeeffectwouldbe obtained.Fortherangeof
velocitiesusedin thisinvestigation,it isprobablethatturbulence
in the jetandsurfacetensionforcearemoreinstrumentalin the
disintegrationthanairfriction.Undertheseconditions,theliquid
in a higher-velocityjetwouldtravela greaterdistancebeforesurface
tensionforcescauseit to disintegrate.Thistheoryis in agreement
withthatpresentedinreference5.”

Therufflingin the jethnmedlatelytiterit Ieavestheglass
tubingisprobablytheresultof averaging.orbalancingof velocities
in the jet. Thevelocityprofilein thetubing
wherea highervelocityexistsin thecenterof
surface.The sameprofilewillnotiexistafter
andthetransitionwillresultin turbulencein

representsa condition
thestreamthanat the
itileavesthetubing
the jet. TheReynolds



..

NACA!(TJ2349 5
.

numbersof the streamsin figure2 sreabovecritical~3500to 15~000~

.

.

anditis probablethatthecross-sectionalvelocitygradientin the
tubeis sufficientto causeeddiesin the jet.

TheJetsobtainedinthisstudyme notuniqueintheirturbulent
or disintegrationcharacteristic.Reference5 presentsmicroflash
photographsof waterjetsundersimilarconditionsanddescribesthe
disintegrationphenomena.Thisagreeswiththecharacteristicsshown
in figure2. Microflashphotographsof jetswithliquidshati~ M-@er
viscosityandlowersurfacetensionthemwaterare shownin reference3.
Bothof thesepropertieswouldtendto producemorestablejetsfora
jetvelocityrangeof 20 to 80 feetper secondwheredisintegrationis
primsrilya functionof surfacetensionforces;thistendencyis.con-
fixmedby thephotographs.Theroughenedsurfaceof the Jetsat the
exitof theglasstubingwas foundto be s3milarin allthe jetsinves-
tigatedendthereforedoesnotappearto be a functionof irregularities
in theglasstubing. Comparativelylargelength-diameterratioswere
usedto producethewaterJetsin thisinvestigation.Reference5,
however,usedorifices’withlength-dismeterratiosof about10,which
arecomparableto thoseusedin rocketengines,andtheresultingjets
are similarto thoseobtainedin thisinvestigation.

IMPINGING-JEL!-EWRAYCHARAC!TXRISTICS

SprayFluctuations

The instabilityassociatedwithimpingingjetswas initially
observedby viewingthe sprayformedby two impingingjetswith
stroboscopiclight. The sprayformationhad theappearanceshoy’nin
themicroflashphotographof figure3. Thephotographsshownare
viewsparsd.lel”andperpendicularto theplaneof twoimpingingjets.
TEesephotographsindicatethattheformation.ofliquiddropsis an
intermittentphenomenonratherthana continuousprocess.Thephoto-
graphsillustratethatuponhpingementof two jetsa ruffledsheet
of liquidis formedperpendicularto theplaneof thetwo jets. This
sheetof liqulddisintegratesintermittent~,forminggroupsof liquid
dropsandgivingthe appearanceof wavespro~gatingfrom= origin
at thepointof @pingement. .

Variousdataweretakento clarifythenatureof thefluctuations
in thespray. In figure3, itwillbe notedthatthe groupsof drops
propagatingfromthepointof impingementsreof varioussizeswith
irregularspacingbetweengroups. Thischaracteristicis moreclearly
portrayedin figure4, whichshowsa sequenceof high-speedmotion-
pictureframes.Theprogressionof thegroupsof dropscanbe followed
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in successiveframes.Againthe irregulsrsizeandspacingof the
groupsof drops,or of waves,.wi~be need. ~ewaves becameless
distinctas thedistance”fromthepointof impingementincreasedduet~
thedispersionofithespray.Datarecordingsusingthephotoelectric-
cellapparatusandtherecordingoscilloscopeverifytheirregular
occurrenceo&-thewaves. A typicaloscilloscopetraceis shownin
figure5. Eachpulseon thetracerepresentsonewqvein thespray.

.

.

A quantitativeevaluationwasmadeofwaveintensity-thequantity
of liquidperunitvolume,endthefrequencyfroman oscilloscopetrace
obtainedfora typicalspray. Thisevaluationwasmadeassuming
proportionalitybetweenoscilloscopedeflectionandquantityof liquid
perunitvolumeinterceptingthelightbeam: Theresult8of this
evaluationareshownin figure6(a),whichshowsfrequencyandintensity” ““ ‘~
on an accumulativebasis. Forexample,thefrequencyat an intensity
of 3 is450 cyclesper second,where450is thefrequencybasedon the
numberof wavesof intensity3 plusallthoselsrgerthan3. The
intensityscaleusedis linesr,butthemagnitudeis sxbitrary.
Figure6(a)indicatesthatthereis en abundanceof low-intensitywaves.
Approximatelyone-halfthewaveshavean intensityof l/12themaxhm
intensity.Further-analysisof thedata”representedbyfigure6(a)
indicatedan exponentialrelationbetweenfrequencyand intensity.A
replotof thedataon semllogarithmiccoordinatesis shownin fig-
ure6(b]. Thisrepresentationsuggeststhattheoscillationcharac-
teristic..issimilarto thatobtainedin otherphencmenasuchas noise.

..-

It-alsois typicalof therelationbetweendropsizeandnumberof
dropsobtainedfrm a spraynbzzle”.Althoughon first-impressionthe
fluctuationsin thesprayappea to be randomin nature,on thebasis

.

of freque~yan~intensitythefluctuationsdo havedefinedcharacter-
isticsas il.lhstratedin figtme6. Underconstantoperatingconditions,
thesecharacteristicswerereproducibleandthefrequencyofwave
formationovera finitetimeintervalis const=t-.

Effectof InjectionParametersomWave Frequency

Jetvelocityandimpingementangle.- Theeffectof Jet-elocity
onwavefrequencyovera jetmvelocityrangeof 20 to 80 feetipersecond
for tipingementanglesof 40Q,60°,80°,and100°w& determinedfor
the0.025-inch-diameterjets. Therelationbetweenfrequencyand
velocityat thevariousimpingementanglesis shownin figure7. The
frequenciesshownin thisand”succeedingfiguresarethoseobtained
withthefrequencymeter,whichrepresentsth=frequencybasedon all
wavesin the’spray.

,-—
Figure7-showsthatfrequencyincreaseswith

velocitywiththerelationapproachingilirectiproportio~ity.The
.

frequencygradientis approximately30 cyclesper secondper footper.
.
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secondvelocity.Althoughno
per second,thenatureof the
origin.

7

dataweretakenbelowa velocityof 20 feet
curvessuggestedextrapolationto the

A similsrfrequency-velocityrelationforallimpingementangles
is shownin figure7;however,thetrend-ofincreasingfrequencywith
decreasingimpingementangleobtainedfor

9
ingementanglesof 100°,

80°,and60°wasreversedforan sngleof 40 . A lowerfrequencywas
obtainedat an tipingementangleof 40°thanat 60°for jetvelocities
below80 feetper second.Thiseffectismoreclearlyshownin fig-
ure8. In thiscasetheeffectof impingementangleon frequencywas
determinedforthe0.040-imh-diameterjets. Thefrequencywas deter-
minedoverthemaximumimpingementcyclerangeof the apparatus
includingthefrequencymeasuredin thenonimpingingjetat a point
wherecompletedisintegrationof the jetexists.The curveshownin
figure8 is a theoreticalrelat.ion.thatwillbe discussedlater. Good
agreementwiththetheoreticalcurvewas obtainedat impingementangles
of 50°andabove. Thefrequenciesobtsinedat low impingementangles
arereproducible;however,someof thedeviationfromthetheoretical
curvemaybe attributedto the indistinctnatureof thewavesat low
impingementangles.Thefrequencymeterwas not completelyresponsive
to thoseindistinctwaves.

Thevariationsin the spraypatternresultingfromchangesin jet
velocityare shownin figure9. Thepatternsforvelocitiesof 20,40,
60,and80 feetper secondat an impingementangleof 60°areshown
forthe0.025-inch-diameterjets. Viewsperpendicularas wellas
psrallelto theplaneof the jetsre shown. Thesephotographsillus-
tratethatthewavepatternis notsubstantiallyalteredby jet
velocity.Smallerdrops,however,sreformedat th?highervelocities.

Thewavepatternsfor impingementanglesof 30°,60°,and90° at
a jetvelocityof 60 feetper secondforthe0.025-inch-dismeterjets
areshownin figure10. Thesephotographsindicategreaterdefinition
of wavepatternas wellas a shorterdtstancefor completedisinte-
grationof the liquidsheetas impingementangleincreases.Thephoto-
graphicviewsperpendicularto theplaneof thetwo jetsindicatesa
largerdispersionof the sprayas impingementangleincreases.

Jetdiameter.- Frequencymeasurementsweremadeovera velocity
rangeof from20 to 80 f~etper secondandat an tipingementangleof
80°for jetdiameterof 0.025,0.040,and0.057inch. The-seresults
areshownin figure11. An increasein frequencywithdecreasing
diameterat
diameteris

constantvelocityis indicated;‘however,the effect~f
comparativelysmall. A diameterrangeof from0.025to

.
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0.057,inchat copstantvelocityrepresentsa flowrangeof approxl-
mately5 andresultedin a frequencpsriati.onof from200to 300cycles
per second.An equalflowrsmge”at constantdiameterandvaryingveloc-
ityresultsin a frequencyvariationof approximately2500cyclesper
second.Theeffect-ofJetidismeter‘ontherelation.betweertfrequency
andimpingementaggleis shownin figure12 fora j~trvelocityof g
60 feetper second.Figure12 is similaYto figure11.in thatan
increaseof frequencywithdecreasingdiameteris observed.The
effect–ofjetdiameter,however,is shownto be largerat small
impingement-amgles.

Inasmuchas an LMicatedvelocitywasusedin thecompsris”onin
figuresU snd.12,the smallvariationsin frequencyareinsufficient“
to predicttheeffectof u~eter beyondthattheeffectis smallin
comparison.totheeffectof impingement-angleandvelocity.

Theeffectof diameteron the sprayyatternis illustratedinthe
photographsshownin.:igure13.The spraypatternforthe0.025-,
0.040-,and0“.057-inch-diameterjetsat a velocityGf 50“feetper
secondandan impingementangle.of70°is shown. Beyondthatthe
sizeof theresultingspraychangeswithdiameter,unlysmalldiffer-
encesaredetectable.Figure13 gives”theappearanceof successive
enlargementsof the.samepicture.

Jetlength.- Thelengthof thejetsbeforeimpingementwas
.

varied-underseveral”conditions“todeterminetheefie-ctof tMs param-
eteron wavefrequency.Theeffecton the0.025-inch-diameterjetsat
an impingement.angleof 80°and jetvelocityof 60 feetper second,

.

and on the.0.040-inch-diameterjetsat= velocityof 40”feetper
secondand impingementanglesof 40°and90° is shown,infigure14.

-.

The strea?.lengthwas variedin therangeof 6 to 80 diameters.The
effectioverthisrangeis shownto be negligible;a sma13.increasein
frequency,however,occursbelowa streamlengthof 30 diameters.The
increaseamountsto only100to 200cyc~esper 8ecoEd.

Theeffectof streamlengthismorepronounced~nspray-pattern1
thanin thefrequency-.FigureM portraystheeffecton the0.025-inch
jetsat a velocity.of40 feetper secondsndaagle-@&600. Stream
lengthsof lQ,20,40,”arid60 disuietersare”shcnin.“Itwillbe noted

..

thatdispersionof the sprayincreasesas streemlengthincreases.
.—

At a streamlengthof 60 diamet~s,the jethasbecomeveryunstable
andalmostcomplete-separationoccurred.Beyondthislengthit is
possible-forliquidfromone jetto passthroughthepathof the
otherjetwithoutinterferenceor impingementThespraypatterns
perpendicular+=tioseshownb figure15 arenot~resented.“The

.

spraypattern,inthis“planewas substantiallyunaffected.
* .
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DISCUSSIONOF RESULTS

.

.

.

.

Theresultso~tainedexposethephenomenaof fluctuationsin
theformationof a sprayfromtwo impingingjets. As previouslystated,
uponimpingementof two jetsa ruffledsheetof liquid’isformedper-
pendicularto theplaneof thetwo jets. Thissheetdisintegrates
intermittently,forminggroupsof dropsand givingtheappearanceof
wavespropagatingfromthepointof impingement.Furtheranalysisof
thewavesindicatesthatthe rufflingof the sheetpersiststo thepoint
of disintegrationanddeterminesthefrequencyo~ thewavesin the
resultingspray. Thisisparticularlyevidentat smallimpingement
angles,as infigure10. At SMU. anglesthedisintegrationof the
sheetoccursovera greaterdistanceandtheresultingwavescanbe
tracedto therufYlingin the sheet. Of particularinteresth these
phenomeria,therefore,arethefactorsinstrumentalinrufflingof the
liquidsheet.

Therufflingof’theliquidsheetis attributedto theactionof air
frictionandairturbulenceinreference8. Thephotographsof the
spraypatternsandthefrequencymeasurementspresentedindicatethat
rufflingof the sheetis alsoaffectedandpromotedby disturbancesor
irregularitiespresentinthe jetsbefore@ingement. Suchirregular-
itiesinthe jetsresultin continuouschangesinmomentumof the jets
at thepointof hping~ent.and.deflecttheliquidsheettowardthe
pathof the jetwiththelargermomentum,thusoriginatinga ruffling
action.Thetwoforcescausingthe sheetto ruffle- thatis,the
interactionof theliquidsheetwithairandthe irregularitiesinthe
jets- apparentlyact simultaneouslyandtheresultantfrequencyof the
waveswilldependon therelativema~itudeand characteristicsof
theseforces.

~ therufflingof the sprayis causedprimarilyby air friction
andturbulence,therufflingwillbe largelydependenton thevelocity
of the sheet. As thevelocityi?.icreases,,thefrictionandhencethe
frequencywill.alsoincrease.Sucha relationwas obtainedforthe
effect.of jetvelocityon frequency(fig.7), ifthe jetvelocityand
sheetvelocityareassumedto be directlyproportionalfora“constant
imp~gementangle. As the impingementangleis changed,the resultant
velocityof the sheetshouldvaryas thecosineof one-halfthe @inge-
mentangle(basedon conservationofmomentum).Thisrelationapplied
to theexperimentaleffectof impingementangleon frequencyis shown
infigure8. The correlationappearsgoodfor impingementangles
between50°and100°andthefrequencyof a nonimpinging.jetcorre-
spondsto thefrequencyfora 0° impingementangle. Lackof correlation
at smallimpingementangles,however,indicatesthatthefrequencyis
nota uniquefunctionof the sheetvelocity.
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Iftherufflingof the s>rayis causedprimarilyby irregularities
.

inthejet,increasingjetvelocityat—constantimpingementanglewill_
againresultinan increaseinfrequency,as shownin figure7,because .
irregularitiesinthe jetsincreasewith jetvelocity.Itwouldappear
thatchangesin hpingementanglewor@d_not changethefrequencyof
wavesintheliquidSheetjhowever,the effectof changesin impingement
angleon the combinationor additionof irregularitiesintwo Jetmis
notreadilypredictableand cam”otbe deternii”nedfiofithe&ta obtained.
Furtherevidenceto showthe influenceof“irregularitiesin the jets
on theliqtidsheet’canbe seenfromthe spraypatternforvariousjet
lengthsshowninfigure15. .As.jetlengthis increz@ed,the irregu-
laritiesin the jetsbecomemorefullydevelopedandarer~flectedin
thesprayby a greaterd&flectionor rufflingof the..sheet..Inthis
case,the greaterdegree of rtiflingappearsto be yrimarilya func-
tionof the irregularitiesof thejetsbecausethe changesin veloc-
itiesof-thesheetand,hence,the effectofah friitionare small.
Althoughchangesir.jet-lengthresultedinrelativelysmallchangesin
frequency,as showninfi’gure,14-,the changesobtainedwereapparently
a functionof-the.irre@aritiesinthe jets.

The separateeffectsof airfrictionand irregularitiesinthe
jet=canbe combinedfora possible@d_anationof theeffectof
impingementangle,as shown“infl.gure8. EmSgularitlesin the jets
establisha givenfrequency,but thisfreq-uencyismodifiedby the
changesin thevelocityof the sheeti~dtheactionof theair. The
modifiedfrequencywouldapparentlycorrelatewiththevelocityof the

*

sheet,as was obtainedfor impingementanglesbetween”50°and10UO. At
small@pingementangles,however,thefrequencyestablishedby tiregu-
laritiesin the jets.isreducedbecausethecomponentof momentumtend-

.

ingto deflectthe sheetis decreasedandall irregularitiesin the jets
do notappearin thesheek-such a decrease”in frequencywas obtained
belowan impingementangleo&-50°.Whethersuchan explanation
decribesthephenomenon,it isapparentthatboth&regularitiesinthe
jetsandactionof theair’influencethefrequency.If liquidsof lower
viscosityand surfacetensionareusedor iftheflowinthe Jetsis
caused“tooscillati-(fromcombustion-instability),theadditionaldis-
turbancesin thejetsmustthereforebe consideredinextrapolating
thefrequencymeasurementsobtainedinthisinvestigation.-

SUMMARYOF RESUITS

Fromthe investigationof thefluctuationsin
sprayfromtwo ~inging waterJets,thefollowing
obtained:

theformation
resultswere

of

.

.
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1. Uponimpingementof two jets,a ruffledsheetof liquidwas ‘
formedperpendic~ to theplaneof thetwo~ets. Theliquidsheet
disintegrated$& ermittentlyYforminga groupof dropsthatappearas
wavespropagatingfromthepointof impingement.‘

2. The intermittentdisintegrationof theliquidsheetresulted
in irregularspacingbetweenwavesand in variablewavei.ntensity.
Therewasan abundanceof small.waveswiththenumberof wavesabove
a givenintensitydecreasingas the intensityincreased.

3. Thefrequencyof waveformationwas constantovera finitetime
intervalunderconstantoperatingconditions.Thefrequencyvaried
between1000and4000cyclesper secondfortherangeof testconditions
usedin thisinvestigation.

4. An increasein jetvelocityresultedinan increaseinwave
frequency.Therelationapproacheda directproportionality.For the
jetdiameteraandvelocitiesusedinthisinvestigation,an increase
in jetvelocityof 60 feetper secondresultedin an increasein
frequencyof approximately2500cycles“per“Second.

5. An increasein impingementangleresultedin a decreaseinwave
frequencyfor impingement-anglesof from50°to 100°. The decreasein
frequencywithimpingementanglewasapproximatedby thedecreasein
the cosineof one-halfthe impingementangle.

6. A di~eter changefrom0.025to 0.057inchhad
effecton wavefrequencycomparedto theeffectof jet
hpingementangle.

7. A,changein jetlengthfrom10 to 80 diameters
menthada negligibleeffectonwavefrequency. t

a negligible
velocityand

beforeimpinge- ‘

8. Fromthephotographicandfrequen$ydataobtained,it appeared
thattherufflingof theliquidsheetpersiststo thepointof disinte-
grationof the sheetanddeterminesthefrequencyof thewaveformation
andthatirregularitiesinthe jetsbeforeimpingementmaybe as
instrumentalin controllingtherufflingof theliquidsheetas isthe
frictionof the air.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,February16,1951.
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Figure 6. - Typicalwave amplitudeand frequencycharacteristic
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Figure11. - Effectof jet diameteron
relationbetweenfrequencyand jet veloc-
ity at impingementangleof 80°.

. .

.J.-



30 NACATN 2349

c)

Jet-
diameter
(in.)

0’ 0.025
❑ .040
A .057

3000 ,,

280d?
[c

~ \

2600-

&

2400 \ \kh.
\ r‘1 \

\

2200 >

2000

1802
I

o 50 60 70 80 90 100
Impingementangle,deg

Figure12. - Effectof Jet diameteron relation
betweenfrequencyand impingementangleat jet
velocityof 60 feetper second.

.

.-

.

.

.



1 I

.

,

0.025 0.040

Jet diameter,in.

FiE7.m13. - Effectof jet diametercm 9praypattern. Ccmdi~iona:
Em@, 70 .

jetvelmlty, 50 feetper second;

C-2;1913

m~

CA
P



.



5

.

.

NACATN 2349 ’33

.

I I I I I I I I

Jet Impingement Jet
diameter angle velocit
(in.) (deg) (ft/sec7

0 0.025 80 60
-n .040 40 40
A .040 90 40

2800

2600 \

c>
2400~

2200

n
2000 ❑

LA

1800

1600
0 10 20 30 40 50 60

Jet lengthto intersection,diam

Figure14. - Effectof jet lengthbeforeimpinge-
ment on sprayfrequency.

NAcA-Langlq-4-2s-51-1000



.

.

.

.



10

I -. ~Ill
I +% I

Jet leqth
Jet dimeter

40

I

60

FigurelS. - Effectof ratio of .Ietlengthto ,Iet&kmeter on mrw uattern. Conditions:.Ietdlmeter. 0.025inch;jet
velm-ity,46 feetper aemnd~ &p-bgment angle,62)0. “

04
W


